Light gauge steel frame (LSF) wall systems are increasingly used in residential and commercial buildings as load bearing and non-load bearing elements. Conventionally, the Fire Resistance Levels (FRL) of such building elements are determined using approximate prescriptive methods based on limited standard fire tests. However, recent studies have shown that in some instances real building fire time-temperature curves could be more severe than the standard fire curve, in terms of maximum temperature and rate of temperature rise. This has caused problems for safe evacuation and rescue activities, and in some instances has also lead to the collapse of buildings earlier than the prescribed fire resistance. Therefore a detailed research study into the performance of LSF wall systems under both standard fire and realistic fire conditions was undertaken using full scale fire tests to understand the fire performance of different LSF wall configurations. Both load bearing and non-load bearing full scale fire tests were performed on LSF walls configurations with varying number of plasterboard linings, and stud section sizes. The non-load bearing fire test results were utilized to understand the factors affecting the fire resistance of LSF walls, while load bearing fire test results were used to understand the effects exposure to realistic design fire time-temperature curves. This paper presents the results of full scale experimental study on different wall configurations, highlights the effects of realistic design fire time-temperature curves on wall panels and the factors affecting the fire resistance of LSF walls.
INTRODUCTION
Light gauge steel frame (LSF) wall systems are widely used in residential and commercial buildings as both load bearing and non-load bearing elements. They are made of cold-formed steel sections and lined with gypsum plasterboard with and without insulations (Figure 1 ). Cold-formed steel sections include stud and track sections, where studs carry the vertical load and tracks connect the studs to make the frame. These wall systems when used in buildings should satisfy the building safety requirements specified in the standard codes of practice. One such stringent requirement in building regulation is fire safety, and it is specified in terms of Fire Resistance Level (FRL). FRL is the length of time a member can withstand fire exposure in a standard fire resistance test without losing its stability, integrity and insulation failures. FRL of building elements should provide adequate protection time in a fire event, for safe evacuation, fire service intervention and for rescue activities.
Cold-formed steel stud sections are usually thinner than hot-rolled steel sections and have different buckling modes of failure and deformation, which are not commonly encountered in normal structural steel design. Also under fire conditions, these thin cold-formed steel sections heat up quickly resulting in fast reduction in its strength and stiffness. Hence, plasterboards are used as lining material to protect the steel sections from heating up rapidly together with insulation material. Gypsum plasterboard linings are commonly used as lining material in framed construction. Gypsum plasterboard has fire resistance properties better than most of the other similar materials. Pure gypsum consists of calcium sulphate with free water and chemically combined water. When exposed to fire, gypsum crystals will absorb the heat and will undergo dehydration and decomposition process, thus it delays the temperature rise of LSF wall assemblies. Other materials in gypsum plasterboard such as glass fibre, vermiculite and perlite additives will also improve the durability and the performance when exposed to Stud Plasterboard Track Insulation fire conditions. The gypsum plasterboard type includes specially manufactured fire resistant gypsum plasterboards or the general purpose plasterboards in thicknesses ranging from 8 to 20 mm. Similarly the insulation type includes rock fibre, glass fibre or cellulose fibre in different thicknesses and densities. The type and thickness of plasterboard and insulation used will also significantly influence the fire ratings of LSF wall panels when subjected to fire from one side as they delay the temperature rise of the stud. LSF wall panels when exposed to fire from one side tend to bow towards the fire side due to differential thermal expansion of steel studs. The studs heated from one side will develop a temperature gradient across the stud cross-section. This non-uniform temperature distribution will induce thermal bowing and non-uniform distribution of strength and stiffness of steel in studs in load bearing wall panels. These effects will make the behaviour even more complicated when subjected to non-uniform elevated temperatures under different buckling modes.
Figure 1 Light gauge steel frame (LSF) wall systems
At present, FRL of a LSF wall panel is assigned based on the results of standard fire tests. In AS 1530: Part 4 (SA 2014) the standard fire time-temperature curve was used to obtain the FRL of LSF wall systems. This standard fire curve originated from the application of wood burning furnaces in the early 1900s, and was later modified slightly to give faster temperature rise for the first few minutes of burning to represent the gas fired furnace temperatures (Babrauskas and Williamson 1978) . However, it is believed that this approach was not based on the knowledge of fire severities in real buildings. Since then, no significant change has been made to this standard time-temperature curve, which is being used to calculate the Fire Resistance Levels (FRL) of building elements until now (Nyman 2002) . The buildings constructed at the time this empirical equation was developed were typically heavy timber construction compared to the modern buildings with a higher level of usage of thermoplastic materials, synthetic foams and fabrics. The changes in fashion trends and materials used for furnishing have resulted in significant differences in the composition of fire loads in modern buildings.
The standard fire time-temperature curve should represent most of the potential fires in buildings. However, at present it does not meet this requirement. This was shown by many researchers using compartment tests where the maximum temperature in a natural fire exceeded that of the standard fire time-temperature curve within a short period of time from ignition (Nyman 2002 , Lennon and Moore 2003 and Jones 2001 . The shape of the fire curve strongly relates to the behaviour of an element in a fire. Natural building fires have a decay phase whereas the standard fire time-temperature curve rises continuously. This may be conservative for long duration average temperature rise fires, but not for short duration very hot fires. Although there has been significant research on the structural and thermal behaviour of LSF walls exposed to standard fire time-temperature curve, very few attempts have been made to study the behaviour of LSF wall panels exposed to realistic design fires. Fire testing based on the standard fire curve will give good comparative results for building systems tested under identical conditions, and also valuable basic data. However, in recent years it has been shown that these results do not provide accurate fire resistance levels (FRL) for residential and commercial buildings, which have a high fire severity (Jones 2001 , Nyman 2002 Lennon and Moore 2003 and Abecassis-Empis et al. 2008 . Therefore there exists a need to provide a model that will allow the practicing engineers to accurately predict the structural and thermal behaviour of LSF wall panels when exposed to real building fires.
On the other hand, the behaviour of LSF wall insulation, plasterboards, steel studs and wall configurations were not fully understood and there were conflicting observations and outcomes in the past (Feng and Feng and Wang (2004) , the cavity insulation was found to be improving the fire resistance of load bearing steel stud wall panels. However, Gunalan et al. (2013) , Kodur and Sultan (2001) and Alfawakhiri (2001) concluded that the cavity insulation reduces the FRLs of load bearing wall panels. Similarly, in the past the effects of stud depth, thickness of the plasterboard and wall configurations on non-load bearing wall panels have not been assessed in relation to the fire resistance of wall panels. Hence a research study was undertaken and this paper presents the details of this experimental study, which was conducted to investigate the fire performance of load bearing and non-load bearing LSF wall panels made of different wall configurations and exposed to both standard and realistic design fire time-temperature curves. Details of the fire test set-up, procedure and the results to demonstrate the influence of wall configurations, stud depth and realistic fire time-temperature curves on LSF walls are presented in this paper.
EXPERIMENTAL STUDIES

Test Specimens
A full scale experimental study was conducted in the Structural Research Laboratory of Queensland University of Technology to evaluate the fire performance of LSF wall panels. Test specimens were selected to represent a range of wall configurations used in the industry. The objective of this study is to gain in depth behaviour of LSF wall panels when exposed to both standard fire and realistic design fire time-temperature curves. Hence the basic parameters include different steel stud section depths, wall configurations and fire time-temperature curves. Table 1 gives the details of the non-load bearing full scale fire tests exposed to standard fire time-temperature curve, while Table 2 gives the load bearing tests exposed to both standard fire and realistic design fire timetemperature curves conducted as part of this study. 
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Realistic fire curve (BFD -2-0.03)
Note: Load per stud was calculated as load ratio x ambient temperature capacity of stud (77 kN).
The experimental program consisted of full scale fire tests of 11 LSF wall panels of sizes varying from 2.4 m x 2.1 m to 3.0 m x 3.0 m (5 non-load bearing and 6 load bearing walls). Load bearing Tests K1 and K2 were conducted by Gunalan et al. (2013) for standard fire time-temperature curve. Test specimens A1 to A3, A6, A7 and K1 were lined with single layer of gypsum plasterboard and A4, A8, A9 and K2 were lined with two layers of gypsum plasterboards on either side of the studs. non-load bearing wall panels were made of 3 m long web stiffened lipped channels (Type A) Studs, while load bearing wall panels were made of 2.4 m long G500 lipped channels (Type B) studs (see Tables 1 and 2 ).
Figure 2 LSF wall frame -Stud to track connection All the LSF wall panels consisted of cold-formed steel studs (Type A or B) spaced at 600 mm and tracks made of unlipped channels. The studs were inserted inside the tracks, and the stud and track flanges were screwed together using D-Type 16 mm long flat head self drilling screws ( Figure 2 ). LSF wall frame was lined with a single layer of fire rated gypsum plasterboard to accommodate two vertical joints on each side of the wall frame. The plasterboard joints were staggered to avoid a single stud having plasterboard joints on both sides. 25 mm long D-Type self drilling screws were used to fix the gypsum plasterboards at 300 mm spacing along the studs and 200 mm staggered spacing over the plasterboard joints. In Test specimen A5, the cavity between the studs was filled with 75 mm thick Glass fibre insulation and where second layer of gypsum plasterboard exists (Test specimens A4, A8, A9 and K2), it was fixed horizontally using 45 mm long bugle head screws. All the plasterboard joints were protected with two coats of plasterboard joint filler material and with a 50 mm wide paper based tape sandwiched between two coats of filler material. The recessed plasterboard edge was filled with two nearly equal thickness joint filler coats and finished to the top level of the plasterboard. Test specimens A1 to A5, K1 and K2 were exposed to standard fire time-temperature curve and A6 to A9 were exposed to realistic design fire time-temperature curves. The review of the existing fire time-temperature curves identified three basic fire parameters to define the fire time-temperature curve in a compartment, namely; fuel load, ventilation opening and thermal properties of the compartment lining materials. Therefore to study the effect of realistic fire time-temperature curve on the fire performance of LSF wall panels Eurocode parametric fire curve (ECS, 2002) and Barnett's BFD curve (Barnett 2002) were considered. Both Eurocode parametric fire curve and BFD fire curve allows a fire time-temperature curve to be developed using the above three fire parameters. Fuel load values of a compartment depend on type of building, compartment usage, and geographic 1/2 were chosen to represent the rapid and prolonged fires, respectively. The thermal properties of the compartment lining materials for this study was chosen to be light gauge steel frame partition walls and ceiling, and concrete floor slab to represent a single story residential building. Figure 3 shows the developed realistic fire time-temperature curves for use in this experimental study. Details of the development of these realistic design fire curves are given in 2015) . Single gypsum plasterboard lined Test specimens A6 and A7 were exposed to rapid realistic design fire time-temperature curves EU-1-0.08 and BFD-1-0.08, respectively, and double gypsum plasterboards lined Test specimens A8 and A9 were exposed to prolonged fire curves EU-2-0.03 and BFD-2-0.03.
Test Set-up and Procedure
Fire tests were conducted in a specially designed loading frame, shown in Figure 4 . Loading frame consisted of two universal columns on either side of the furnace, bolted to the floor and a universal beam at the top and bottom levels. Another universal beam was placed on the floor and hydraulic rams were positioned on top of it at a spacing of 600 mm, so that were directly under the studs. The test wall panel was unrestrained on its vertical sides with the gap between the supporting frame and the test wall panel filled with ceramic insulation.
Figure 4 Fire test set-up
An axial compressive load of 15 kN per stud was applied to each of the studs of the load bearing fire Test specimens A6 to A9, K1 and K2, while a small load of 0.5 kN was applied to the studs of the non-load bearing fire Test specimens A1 to A5. The axial deformations and lateral deflections of studs were measured at six locations. Type-K thermocouples were used to measure the temperatures in the wall specimens. The stud and gypsum plasterboard surface temperatures were also measured at 0.25H, 0.50H and 0.75H, where 'H' is the height of the wall panel. At each height on the studs, thermocouple wires were connected to their hot and cold flanges, and web elements. Figure 5 shows the locations of the thermocouples across the test wall specimen.
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Figure 5 Locations of thermocouples on test wall specimen RESULTS AND DISCUSSIONS
Non-load Bearing Wall Fire Tests
Five non-load bearing full scale fire tests were conducted to evaluate the fire performance of LSF wall assemblies ( Table 1 ). The wall panels were exposed to the standard fire time-temperature curve based on AS 1530.4 (SA 2014). Table 3 summarizes the test results of these five non-load bearing wall fire tests. In all the tests approximately after 3 to 5 minutes of starting the furnace, smoke and steam was visible at the top of the specimen for 5 to 8 minutes. Also water drops were seen along the edges of the bottom Universal Beam (UB) section of the loading frame. All the test wall panel failures were due to the insulation failure criterion either based on the average or maximum temperature limits, and integrity or structural failures were not observed in these tests. Insulation failure criterion is based on average and maximum temperature limits. Average temperature limit is defined as 140 o C+ambient temperature at the start of the fire test while the maximum temperature limit is 180 o C+ambient surface temperature. In Tests A2 to A5 insulation criterion was reached based on the maximum temperature limit, whereas in Test A1 it was based on the average temperature limit. This was due to the fire side plasterboard fall-off or the plasterboard joint opening up in Tests A2 to A5, thus it caused the ambient side plasterboard temperatures to rise rapidly and to reach the maximum temperature insulation temperature limit. This shows that the partial fire side plasterboard fall-off is critical and can influence the insulation failure time as it leads to a rapid localized temperature rise on the ambient plasterboard surface, where fire side plasterboard fall-off occurs. Figure 6 shows the average plasterboard time-temperature curves measured across the wall panel. Table 3 Fire test results -Non-load bearing wall panels
Effect of Wall Configuration
Three different LSF wall configurations (single plasterboard, double plasterboards and cavity insulation wall panels) were tested to investigate the effect of different wall panels on the fire performance of non-load bearing wall panels. Test A1 (single plasterboard) failed in the insulation criterion after 60 minutes of fire exposure, whereas Test A5 (cavity insulation) and Test A4 (double plasterboards) wall panels also failed in the insulation criterion but after 98 and 197 minutes, respectively. This shows that there is significant increase in FRL due to the use of double plasterboards on non-load bearing wall fire tests. Also Test A5 gave a higher FRL than Test A1 (98 vs 60 minutes). However, it is to be noted that Test A1 wall panel was lined with 13 mm thick gypsum plasterboards and Test A5 was lined with 16 mm thick gypsum plasterboards. Hence it is believed that if 16 mm plasterboards were used in Test A1 instead of 13 mm thick plasterboards, it could have given higher FRL than 60 minutes, and demonstrated the actual fire performance of cavity insulation. Figures 6(a) and (e) shows that after 20 minutes of fire exposure Average Fire Pb1-Cavity temperature increased rapidly in cavity insulated wall Pb1-Cavity surface temperature of 500 o C was reached at 28 minutes, whereas it was at 38 minutes in Test A1. Also the difference between the cavity facing plasterboard temperatures (Fire Pb1-Cavity and Cavity-Ambient Pb2) was very high in Test A5. This is due to the use of insulation in the cavity, as it traps the heat on the fire side causing the fire side plasterboard temperature to rise rapidly. Hence in cavity insulated wall panels, fire side plasterboard will dehydrate and soften much earlier than the single plasterboard lined wall panel test. However, it is to be noted that for non-load bearing walls ambient side plasterboard temperature is the important parameter in determining the insulation failure criterion, and this was well achieved by the cavity insulation wall panel. For instance, in cavity insulated wall panel (Test A5) Avg Cavity-Ambient Pb2 surface temperature reached 500 o C at 90 minutes, whereas it was at 57 minutes in single plasterboard Test A1. This shows that the use of cavity insulation in Test A5 has helped to improve the fire performance. Figure 6 Average plasterboard surface time-temperature curves -Non-load bearing wall fire tests 
Effect of Stud Depth
Two different stud depths (76 and 150 mm) were tested to investigate the effect of stud depth on the fire performance of single plasterboard lined non-load bearing wall panels. Both 76 mm studs (Test A2) and 150 mm studs (Test A3) failed in the insulation criterion after 68 and 76 minutes, respectively. This shows that there is insignificant difference in FRL due to the use of studs with larger depths. However, it is to be noted that both tests failed in the maximum temperature limit in the insulation criterion, and this maximum temperature was recorded only at a particular area on the ambient plasterboard surface. This was due to the premature partial collapse of the fire side plasterboard. Thus it allowed the ambient side plasterboard temperatures to rise rapidly and to reach the maximum temperature limit insulation criterion. However, a significant increase in FRL was noted in the use of larger stud depth when the average plasterboard surface temperatures are used. For instance, in Test A2 (76 mm Stud) plasterboard surface temperatures (Avg Fire Pb1-Cavity and Avg Cavity-Ambient Pb2) reached 500 o C at 54 and 66 minutes, respectively, whereas in Test A3 (150 mm Stud) both these plasterboard surfaces did not reach 500 o C even after 84 minutes of fire exposure (see Figures 6(b) and (c)). This shows that there is significant increase in FRL due to the use of studs with larger depths in non-load bearing wall panels. Note: # -see Figure 7 (b), rapid stud temperature rise was noticed near the stud failures. Figure 7 Average plasterboard surface and stud time-temperature curves -Load bearing wall fire tests Single gypsum plasterboard Tests A6 and A7 structurally failed after 28 and 39 minutes, respectively, while double plasterboard lined Test A9 structurally failed after 139 minutes of fire exposure (Table 4) . Test A8 did not fail under any failure criteria even after 180 minutes of fire exposure. Test A8 fire curve (EU-2-0.03) was nearly identical to the standard fire curve in the fire growth period until 105 minutes and then had a decay phase. The failure of Test K2 exposed to the standard fire curve at 111 minutes indicates that the Fire curve (EU-2-0.03) with the decay phase was less severe than the standard fire curve (Figure 7(c) ). Also the failure times of Tests A6 to A9 and Tests K1 and K2 indicate that the fire curve had a significant influence on the FRL of wall panels. For instance, Test A7 was exposed to a lower temperature gradient fire curve (BFD-1-0.08) than the other two fire curves in Figure 7 (a) and the plasterboard temperatures also followed the same with a time lag. As expected this time lag was due to the different rates of temperature rise, where the low rate of temperature rise delayed the dehydration of plasterboards.
Load Bearing Wall Fire Tests
Effect of Realistic Design Fire Time-temperature Curves
In all three single plasterboard Tests A6, A7 and K1, the structural failure occurred in the stud as a result of partial plasterboard fall-off. This is clearly noticeable with a rapid temperature rise in the stud temperatures (see Figure 7 (b)). The stud failure hot flange temperatures of Tests K1, A6 and A7 vary significantly for the same wall configuration (685, 567 and 630 o C). This is because the plasterboard calcinates and shrinks quickly at rapid temperature rise conditions, thus it caused the plasterboards to fall-off and studs to fail in minor axis buckling. However, the stud failure hot flange temperatures agreed well for double plasterboard Tests K2 and A9 (663 and 645 o C). Test A8 stud hot flange temperature reached only 497 o C at 140 th minute, hence it did not fail. Also it can be seen in Test A8 that the stud temperature increased even in the decay phase of the fire (see Figure 7(d) ). Hence this implies that studs could fail during the decay period if they had reached the critical hot flange temperature. Also in Test K2, a partial plasterboard fall-off was noticed near the failure of the stud. Hence the studs reached the critical hot flange temperature and the studs failed under the structural failure criterion. Therefore it can be concluded that if similar conditions exist, i.e. restraints and applied loads are similar, the load bearing wall stud failure depends on its maximum hot flange temperature for any fire time-temperature curve. 
CONCLUSIONS
This paper has described an experimental study of the fire performance of LSF wall panels. Details of fire tests and the results are presented and discussed. The study has shown that the use of double layers of plasterboard will give superior fire performance for non-load bearing wall panels as it delays the ambient plasterboard temperatures, use of cavity insulation will have only a limited increase in FRL. The use of larger stud depth has been shown to increase the FRL of non-load bearing wall panels. Further the study highlighted the importance of using realistic design fire curve in the testing of LSF wall panels, and showed that the fire performance of LSF walls depends on the shape of the fire curve including the rate of temperature rise. It concluded that the structural failure of load bearing wall panels depends mostly on the stud hot flange temperature for similar wall configurations. This experimental study has also shown that the partial fire side plasterboard fall-off is a critical factor in determining the FRL, as it will prematurely initiate the failure of both load bearing and non-load bearing LSF wall panels.
